DIABETES IS A SIGNIFICANT health concern in the United States, afflicting 25.8 million people in the US, which accounts for 8.3% of the population (2). Diabetes is a major predictor of heart failure and has become a major cause of disability and mortality in diabetic patients (17) , with heart disease death rates about two to four times higher than patients without diabetes (2) . Diabetic cardiomyopathy (DCM) is defined as myocardial dysfunction in the absence of coronary artery disease, hypertension, or significant valvular diseases (1) . DCM is characterized by structural changes in the myocardium of diabetic patients, which eventually lead to left ventricular hypertrophy, diastolic and systolic dysfunction, or a combination of these conditions (25) . These heterogeneous features of DCM are mainly due to cardiac cell apoptosis (15, 54) and the associated extensive myocardial fibrosis, microvascular pathology, and capillary rarefaction (48, 61) . Diabetes-induced cardiac remodeling is associated with in vivo microvascular pathologies such as reduced expression of angiogenic growth factors and decreased endothelial cell infiltration and neovascularization (16, 47) . In vitro cell responses such as cytokine expression, cell proliferation, and migration, as well as Ca 2ϩ regulation are also altered under hyperglycemic conditions (8, 13, 16, 33, 53, 60, 65) . However, there is a paucity of information regarding the differential effects of short-term hyperglycemic spikes vs. long-term exposure on vascular endothelial cells (14) , and more studies are needed regarding the comprehensive effect of diabetic conditions on the angiogenic responses of cardiac endothelial cells at molecular and cellular levels.
It has been recently suggested that oxidative stress caused by mitochondrial superoxide overproduction in endothelial cells is the major mechanism in the development of vascular complications in diabetes (reviewed in Ref. 20) . This stress results in sustained activation of antiangiogenic, proinflammatory pathways even after glycemia is normalized, a concept called "hyperglycemic memory" (20) , with the molecular mechanisms for this effect still being elucidated (46) . The important implication of these findings is that control of glycemia in diabetes may not prevent subsequent development of complications and there is an urgent need for novel therapies that can reverse hyperglycemic memory of cardiac endothelium.
Diabetes can also affect cell biomechanical responses, which may have important implications for cardiac function. The biomechanical environment influences endothelial cell function and regulates key functions of blood vessels including vascular permeability and dilation (18, 24, 44) . Mechanical forces are considered to be the triggers that induce a growth response in the overloaded myocardium (22, 50) . Endothelial cells convert mechanical signals into intracellular signals that affect gene expression and cellular function including cell proliferation, apoptosis, permeability, and alignment (9) . In vitro studies have shown that cyclic strain influences the angiogenic responses of endothelial cells, including the effects on vascular network formation, cell apoptosis, migration and proliferation, and various growth factors, enzymes, genes, and proteins related to angiogenesis (19, 21, 28, 36, 38, 57, 58, 63, 64) . In addition, the angiogenic responses of cells subjected to strain depend on the substrate used to culture the cells (19, 38, 57, 58, 64) . A summary of the results from these studies is organized by substrate type in Table 1 and includes the cell types, strain parameters, and angiogenic responses. Several other studies investigated the simultaneous effects of mechanical stimulation and high-glucose conditions. It was shown that the glucose-and mechanical force-induced increase in extracellular matrix deposition by mesangial cells is mediated by TGF-␤ receptors (49) . Shear-stress-induced actin alignment in aortic endothelial cells in normoglycemic conditions was abolished in high-glucose media (30) . Similarly, mechanical stress potentiated glucose uptake in podocytes and this effect was enhanced by high ambient glucose (34) . While these studies provide information regarding the effect of mechanical strain on different cell types, the angiogenic responses of cardiac endothelial cells under diabetic conditions in conjunction with a mechanically strained microenvironment have yet to be elucidated.
Despite significant research efforts directed towards therapies for cardiovascular complications, there is still a lack of successful treatment options that focus on endothelial deficiencies and insufficient neovascularization in the diabetic environment. A novel tissue engineering approach, which includes the use of a nanoscaffold composed of self-assembling peptide RAD16-II nanofibers, has been shown to promote angiogenesis in nondiabetic conditions (12, 26, 41) and in a mouse model of diabetic wound healing in vivo (5) . Studies by our group and others have demonstrated that these nanofibers support cellular function in multiple cardiac cell types including cardiomyocytes, endothelial cells, and fibroblasts (26, 42) and enhance angiogenic responses through engagement of specific cell surface integrins, namely ␣ v ␤ 3 (10, 52) .
The goal of this study was, therefore, to determine the effect of diabetes on endothelial angiogenic and biomechanical responses and the role of the extracellular microenvironment in mediating these effects. The hypothesis is that a proangiogenic nanofiber microenvironment can augment diabetes-induced deficiencies in angiogenic potential and response to mechanical strain by cardiac endothelial cells. Endothelial responses were quantified for two models of diabetic conditions: 1) an in vitro 
MATERIALS AND METHODS
STZ type I diabetes rat model. All animal procedures were performed using protocols approved by the University of Cincinnati Institutional Animal Care and Use Committee. Type I diabetes was induced in 8-wk-old female Sprague-Dawley rats (SAS SD Strain 400; Charles River, Wilmington, MA) using a single intraperitoneal injection of STZ (70 mg/kg; Sigma-Aldrich, St. Louis, MO). The STZ rat model was chosen because it closely mimics the time-dependent disease progression of diabetic cardiomyopathy (7, 40, 61) . Immediate onset of diabetes was confirmed with serum glucose levels Ͼ300 mg/dl.
Assessment of cardiac function. Echocardiography and electrocardiography (ECG) were performed on diabetic and WT animals to assess cardiac function and electric activity of the heart, respectively. Rats were anesthetized by the combination of ketamine and xylazine injection, with normothermia being maintained by heating pad. Echocardiographies were performed using iE33 Ultrasound System (Phillips) at 0, 35, and 60 days post-STZ injection. A 15-MHz pediatric probe (optimized and dedicated to rodent studies) placed in the parasternal, short axis orientation recorded left ventricle systolic and diastolic internal dimensions. Three loops of M-mode transthoracic echocardiography data were captured for each animal, and data were averaged from at least five-beat cycles/loop. Parameters were determined using the American Society for Echocardiography leadingedge technique in blinded fashion. These parameters allowed the determination of left ventricular fractional shortening (FS) by the equation: FS ϭ [(LVIDd Ϫ LVIDs)/LVIDd ] ϫ 100%; where LVID refers to the LV internal dimension at diastole (d) and systole (s). Transmitral flow waveforms were recorded using continuous wave Doppler oriented in the parasternal, apical view. The following measurements were performed: mitral peak flow velocity of the early filling wave (E), peak flow velocity of atrial filling wave (A), and the E/A-wave ratio. All transmitral peak flow measurements represent the mean of at least three consecutive cardiac cycles. Heart rate and electrical activity were measured by placing ECG leads on both forepaws and on the tail to monitor heart rate.
Cardiac endothelial cell isolation. Diabetic and WT animals were killed 8 wk after STZ injection. The hearts were perfused with PBS and then harvested and stored in cold PBS. For endothelial cell isolation, the aortic arch was removed from the heart to avoid smooth muscle cell contamination. The myocardium tissue was finely chopped and digested using trypsin (1 mg/ml; Sigma-Aldrich) and collagenase I (172 U/ml; Worthington Biochemical, Lakewood, NJ) (45) . Cell-containing supernatant was separated from remaining tissue using a 70-m disposable cell strainer (Becton Dickinson Labware, Bedford, MA) and centrifuged at 800 rpm for 5 min at 4°C. The cell pellet was resuspended and added to 1% gelatin-coated cell culture dishes and incubated overnight in Medium 199 (HyClone, Logan, UT) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA), 1% antibiotic-Antimycotic (Atlanta Biologicals, Lawrenceville, GA), 10 g/ml heparin (Sigma-Aldrich), and 0.2 ng/ml endothelial cell growth supplement (Sigma-Aldrich). Cardiac endothelial cells were isolated from cardiac cell mixture using sequential sorting with PECAM-1-and ICAM-2-conjugated magnetic beads (Invitrogen) (35) . Endothelial phenotype was confirmed using lectin and von Willebrand Factor staining (Sigma-Aldrich), with Ͼ95% cells positively stained. Cell cultures were maintained at 37°C in Ͼ95% humidified air containing 5% CO 2. Cells from passage 4 -13 were used in all experiments.
Experimental design. At the beginning of experiments, the following four experimental groups were created. The first group consisted of WT cardiac endothelial cells cultured in standard low-glucose media (WT; cell culture media supplemented with 5. 5 Application of cyclic strain. Cardiac endothelial cells were trypsinized and seeded onto six-well collagen I-precoated UniFlex Culture plates (Flexcell International, Hillsborough, NC) at a seeding density of 200,000 cells/well in the appropriate experimental group culture media. For static controls, cells were cultured in sixwell tissue culture plates also coated with collagen I (PureCol; Advanced BioMatrix, San Diego, CA). Collagen I was used as a culture substrate because it constitutes 80% of the total collagen in the heart (37). All culture plates were incubated overnight before stimulation to allow for cell adhesion. UniFlex Culture Plates were then loaded onto the Flexcell FX-5000 Tension System outfitted with ArcTangleLoading Stations (24 mm; Flexcell International) for application of uniaxial strain and housed at 37°C in Ͼ95% humidified air containing 5% CO2. Strain parameters were set to 5% elongation at 1 Hz for 24 h. These strain parameters were selected based on physiological in vivo cardiac parameters (23) and matched those used in the previous studies (3, 39, 51) . Static controls were maintained in the same incubator for the duration of the experiments.
Endothelial cell morphology and orientation. After 24 h, the cultured media from the strained and static cardiac endothelial cell samples were collected and stored at Ϫ20°C. The cell samples were fixed with 2% paraformaldehyde and stained with phalloidin-tetramethylrhodamine-B isothiocyanate (phalloidin-TRITC; Sigma-Aldrich) to assess actin reorganization, followed by DAPI nuclear staining (Invitrogen, Carlsbad, CA). Images were obtained (n ϭ 5 per sample) using an inverted fluorescent microscope equipped with appropriate filter cubes and CCD camera (Olympus IX81; Olympus America, Center Valley, PA).
Capillary morphogenesis. Immediately following exposure to strain, cardiac endothelial cells (WT, HG, and db) were trypsinized, labeled with CellTracker Dye (Invitrogen, Carlsbad, CA) or with phalloidin-TRITC (Sigma Aldrich), and seeded on Matrigel or RAD16-II peptide nanofiber hydrogel (10 mg/ml) in cell culture plate inserts (13-mm diameter, 0.4-m pore size; Millipore, Billerica, MA) at a seeding density of 30,000 -50,000 cells/insert as described previously (41) . Samples were cultured for 24 h to allow spontaneous formation of capillary-like structures. After fixation with 2% paraformaldehyde, images were taken (n ϭ 5 per sample) using an inverted fluorescent microscope (Olympus IX81; Olympus America, Center Valley, PA). Correlation analysis with MATLAB custom-written code (The MathWorks, Natick, MA) was used to characterize capillary-like endothelial network size as described previously (26, 41) .
VEGF expression by cardiac endothelial cells. VEGF protein expression by cardiac endothelial cells was quantified for media samples collected from different experiments using VEGF ELISA kit per manufacturer's protocol (R&D Systems, Minneapolis, MN). Additional controls of the cell culture medium alone (containing 10% serum) were included to confirm that growth factors in the serum would not affect protein expression and detection, with no differences observed between medium samples and the 0 pg/ml standard.
Cardiac endothelial cell proliferation and apoptosis. After application of strain for 24 h, cells from both strained and static controls were trypsinized and seeded on either nanofibers or gelatin-coated 24-well tissue culture plates at a seeding density of 20,000 cells/well (n ϭ 6 per experimental group). Cells were fixed with 2% paraformaldehyde and immunostained with Ki67 and active caspase-3 to assess cell proliferation and apoptosis, respectively; the total number of cells in each sample was determined by DAPI staining (Invitrogen). The average absolute number and percentages (number of positive cells to the total number of cells) of proliferating or apoptotic cells per well were quantified in three nonoverlapping, randomly selected fields. For analyses of cell apoptosis following chronic cell exposure to high-glucose (D-or L-glucose) conditions, caspase-Glo 3/7 activity assay (Promega) was used.
NO experiments. To elucidate the role of NO in cell responses to diabetic environment and mechanical strain, the NO concentration in the cell culture media was measured using Abcam's nitric oxide assay kit (Colorimetric). To examine the role of endothelial nitric oxide synthase (eNOS) signaling, cells were treated with 200 M N -nitro-L-arginine methyl ester hydrochloride (L-NAME; eNOS inhibitor; Abcam), and capillary morphogenesis was quantified. The inhibitor was added to the culture supernatant and preincubated for 1 h to equilibrate respective target blocking. All analyses were done in duplicates/triplicates.
Statistical analyses. Single factor ANOVA was used to compare ventricle dimensions, FS, EF, and transmitral flow parameters of diabetic rats with WT controls. Each in vitro experiment was performed in triplicate and repeated at least three times (N ϭ 3, minimum n ϭ 9). ANOVA and post hoc tests with Bonferroni corrections were used to determine the effects of the microenvironment (Matrigel or nanofiber), mechanical strain (static or cyclic strain), and diabetic condition (WT, HG, HG chronic, or db) on angiogenic responses (capillary morphogenesis, proliferation, apoptosis, and VEGF expression). All tests were run at a significance level of ␣ ϭ 0.05. All results are reported as average Ϯ SD.
RESULTS

Effect of diabetes on cardiac function.
To examine ventricular hypertrophy, echocardiography was performed on diabetic as well as WT control animals. Cardiac performance parameters derived from M-mode images (Fig. 1) clearly indicate that in the diabetic group both septal and posterior wall motion are altered, which results in increased LVID at systole and diastole after 60 days of diabetes onset (P Ͻ 0.05). Analyses of ECGs show that diabetes results in a significantly increased heart rate (db: 252 vs. WT: 200 beats/min) and a significantly wider QRS complex than the WT group by day 60 of diabetes onset (P Ͻ 0.05). These results demonstrate the development of moderate left ventricular dilation and impaired ventricle contractile function in diabetic rats.
Transmitral blood flow was measured to determine E/A ratio (E: early ventricular filling; A: atrial ventricular filling), which indicates abnormalities in cardiac diastolic function. Reduction in E/A ratio suggests pseudonormal filling dynamics of the left ventricle in the diabetic hearts and the development of moderate diastolic dysfunction (Fig. 2) . Reduction in FS indicates mild systolic dysfunction by day 60 of diabetes onset. The pattern of moderate diastolic dysfunction preceding mild systolic dysfunction is similar to the pattern observed in diabetic patients.
Consistent with the results of altered E/A ratio and hypertrophy in diabetic hearts ( Figs. 1 and 2) , there is evidence of a reduced ejection fraction (%EF) in the diabetic heart, although this trend is not statistically significant.
Effect of diabetes on endothelial angiogenic and biomechanical responses.
Immediately following 24-h exposure to strain, wells from both static and strained groups were stained with phalloidin to visualize cytoskeletal organization within endothelial cells (Fig. 3) . No qualitative differences were apparent in the cytoskeletal organization and cell morphology between WT and db cells in both static and strained groups. Interestingly, in both acute and chronic HG groups, the morphology was significantly compromised, with decreased cell spreading evident in both static condition (Fig. 3, top) and after strain application (Fig. 3, bottom) . In the chronic HG group, there were significant problems with cell detachment and survival following trypsinization and subsequent seeding for the strain application.
The effect of diabetes on capillary morphogenesis was determined using Matrigel assay, and the quantitative analysis of the characteristic network sizes was performed as described previously (10, 41) . Under static conditions, capillary morphogenesis was significantly reduced in both db and acute HG groups, with a larger decrease in HG group compared with the db group (Fig. 4, top ; P Ͻ 0.05). In chronic HG group, capillary morphogenesis was completely abolished (Fig. 4) . Interestingly, cell exposure to cyclic strain before seeding on the Matrigel resulted in complete absence of capillary morphogenesis in all experimental groups (wt, acute and chronic HG, and db; Fig. 4 , middle, P Ͻ 0.05).
Vascular endothelial growth factor (VEGF) protein expression in the sample media was measured using ELISA (Fig. 4) . Under static conditions, cells in the diabetic groups tend to have an increased VEGF expression (the trend is significant for the db group only). This difference, however, is not observed after cells are exposed to strain, with the VEGF protein levels for all groups similar to that of static WT controls.
Ki67 staining was performed to examine endothelial proliferation in samples from static and strained cultures. Under static conditions, there was no significant difference in percentage of proliferating cells among WT, acute HG, and db groups. However, under strained conditions, the percentage of proliferating cells was significantly reduced compared with static Fig. 2 . Transmitral flow was assessed during passive ventricular filling as a measure of diastolic function at day 60 post-STZ. The early ventricular filling (E) and transmitral filling (A) are severely impaired in the diabetic group, resulting in a significantly reduced E/A ratio, which indicates pseudonormal diastolic dysfunction in the diabetic heart. Fractional shortening is significantly decreased in diabetic animals at 60 days following STZ injection compared with controls, indicative of mild systolic dysfunction. There is a trend (not significant) of a reduced ejection fraction of the diabetic heart. No significant age-related or heart rate effects are observed in E/A, %fractional shortening (%FS), and %ejection fraction (%EF) parameters in control group. LA, left atrium; LV, left ventricle (n ϭ 3 per group; *P Ͻ 0.05, WT vs. db). conditions in all experimental groups (P Ͻ 0.05; Fig. 5, top) . Interestingly, there was a differential response of acute HG and db groups following cell exposure to strain, with proliferation in the HG group being more sensitive to strain than in the db group. Similar trends were observed following chronic cell exposure to HG conditions (Fig. 5, bottom) ; however, these trends were not significant.
Endothelial cell apoptosis was measured in static and strained cell samples under normal and diabetic conditions by staining for the cell apoptosis marker active caspase-3 (WT, acute HG, and db groups) or measuring cell caspase-3 activity (Promega; chronic HG group). Under static conditions (Fig. 5,  bottom) , no difference in cell apoptosis was observed among WT, HG, and db groups. Similar to the findings for capillary morphogenesis and proliferation, there was a difference between the HG and db group responses to strain. While cell apoptosis in the acute HG group remained unchanged, the percentage of apoptotic cells was significantly reduced in db groups ( Fig. 5 ; P Ͻ 0.05), with a similar trend in chronic HG group. This may indicate that strain provides a protective effect against apoptosis in cells with chronic exposure to diabetic hyperglycemia.
Overall, these results suggest that under the experimental conditions of this study, the general effect of strain on cardiac endothelial cells tends to be a reduction in cell angiogenic response that is present in both WT and diabetic groups.
Nanofiber microenvironment restores diabetes-induced endothelial deficiencies and biomechanical responses of cardiac endothelial cells.
To examine the effect of the substrate microenvironment on cytoskeletal reorganization of cells after the application of cyclic strain, endothelial cells from all experimental groups were trypsinized and surface seeded on nanofibers or on Matrigel (control). Interestingly, nanofibers are able to restore the cytoskeletal organization that is impaired by cell exposure to strain (Fig. 6) , resulting in enhanced cell spreading and improved cell morphology in WT, acute HG, and db Fig. 4 . Effect of strain on angiogenic response of WT and diabetic cardiac endothelial cells. Quantitative analysis shows significant reduction in capillary morphogenesis in db and HG group compared with WT controls under static conditions. Capillary morphogenesis was also significantly reduced in samples with chronic (17 day) HG exposure. Mechanical strain completely abolishes capillary morphogenesis in all experimental groups. VEGF expression by db cells is significantly higher compared with WT cells under static conditions. This difference, however, is not observed after cells are exposed to strain, with the VEGF protein levels for all groups similar to that of static WT controls.
groups. In WT and db groups, a complete restoration of the capillary morphogenesis to the static levels by the nanofibers is observed, while in the acute HG group, it is restored to ϳ50% of the control levels. In contrast, impaired capillary morphogenesis in the chronic HG group cannot be restored by the nanofibers (Fig. 6) . VEGF expression by HG and db cells cultured on nanofibers is significantly greater than the cells cultured on Matrigel controls (Fig. 6 , bottom right; P Ͻ 0.05), while no significant effect of the substrate on the VEGF expression is observed in WT cells.
When cells are cultured on the nanofibers after cyclic strain application, the percentage of proliferating cells is significantly increased in the WT group compared with Matrigel controls (Fig. 7, top ; P Ͻ 0.05). No significant differences in proliferation are observed between nanofibers and Matrigel controls in HG and db groups. Caspase-3 staining showed that nanofibers significantly decreased cell apoptosis in all experimental groups (wt, HG and db) compared with Matrigel controls (Fig.  7, bottom ; P Ͻ 0.05).
To investigate if the nitric oxide-reactive oxygen species signaling may play a role in the observed endothelial responses to strain and diabetic microenvironment, experiments were performed to 1) quantify the effects of the diabetic conditions, substrate and strain on the levels of NO production by endothelial cells, and 2) determine the effect of eNOS inhibition by L-NAME on capillary morphogenesis. Our results demonstrate (Fig. 8A ) that Matrigel stimulates significantly higher levels of NO production in all groups, compared with the nanofibers cultures. This increase in NO levels is the strongest in WT and HG groups, with a much smaller NO expression in the db cells. Interestingly, eNOS inhibition using L-NAME suggests that NO does not likely play any major role in capillary morphogenesis in neither the nanofiber nor the Matrigel environment, with the small L-NAME induced inhibition observed in the db groups only (Fig. 8A, middle) . Consistent with previous studies by other research groups (for example, see Ref. 4 and 55) , cell exposure to strain results in increase in NO expression in all groups (difference is significant for low glucose, WT, and db; Fig. 8B ) except chronic HG.
DISCUSSION
The focus of this study is to determine the effects of diabetes on endothelial cell angiogenic and biomechanical responses and the role of the substrate microenvironment as a mediator of these responses. A rat model of DCM is used to represent type I chronic diabetes (db), where endothelial cells are exposed to diabetic conditions in vivo for 6 wk before subsequent cell isolation from the myocardium of the diabetic animal and culture in standard media. This model demonstrates significant diabetes-induced alterations in contractile properties and left ventricle dimensions, as well as the pseudonormal filling dynamics of the left ventricle, consistent with clinical studies of patients with DCM (6, 25) and with previous in vivo studies (11, 40, 61) . In addition to the chronic in vivo model, both acute and chronic hyperglycemic in vitro models are also utilized, where normal (WT) cardiac endothelial cells undergo a short-term (acute or HG) or long-term (chronic HG) exposure to high-glucose media in culture. The results demonstrate that there are differential angiogenic and biomechanical responses of cardiac endothelial cells between these two models and that a proangiogenic environment can augment diabetes-induced deficiencies in the angiogenic potential of these cells, supporting the study hypothesis. It is shown that the HG condition causes alterations in cytoskeleton reorganization and significant reduction in capillary morphogenesis compared with the WT control group. In contrast, cardiac endothelial cells chronically exposed to diabetic condition (db group) have a normal cytoskeleton organization, and the reduction in capillary morphogenesis of these cells is not as dramatic as in HG condition. In addition, there is a significant increase in VEGF expression in the db group in static conditions compared with WT controls, consistent with previous studies in retinal endothelial cells, renal mesangial cells and vascular smooth muscle cells (31, 32, 43) . However, this trend is not significant in the acute HG group. Further, the results of this study demonstrate that Matrigel environment induces high levels of NO expression in WT cells or "recent WT" cells that have been subjected to HG conditions in vitro; at the same time, Matrigel is unable to stimulate high NO production by the db cells. The results also show that strain has a significant effect on NO concentration; namely that the NO concentration is higher under strained conditions compared with static conditions for WT, acute HG, and db groups. These findings are consistent with previous studies that have shown that NO levels and NOS activity increase with strain application in both bovine aortic endothelial cells and human microvascular endothelial cells (4, 55) . However, in our study, this effect is not seen in the chronic HG group. While db cells maintain their ability to respond to strain in a normal manner, the chronic HG group does not retain this ability. Importantly, these findings of the differences between in vitro and in vivo models are consistent with the concept that the endothelial cells have a long-term "hyperglycemic memory" of the physiological environment in the body (14, 20) , as well as with the previously described endothelial cell "memory" of inflammatory stimulation (59) . This indicates that acute cell exposure to high-glucose conditions may not be an ideal model for studying generalized effects of a diabetic environment on vascular cell responses.
The results of the biomechanical studies show that the application of mechanical strain before seeding on the substrate results in almost complete inhibition of capillary morphogenesis and endothelial cell proliferation in all experimental groups (WT, HG, and db), as well as a decrease in VEGF expression levels, compared with static controls. These results of decreased cell function are consistent with previous reports of reduced extracellular matrix deposition and matrix metalloproteinase (MMP) expression under diabetic and mechanical strain conditions in cardiac fibroblasts (27) . They are also consistent with reports of decreased VEGF production and cell Fig. 6 . Effect of nanofibers (NFs) on cardiac endothelial cell cytoskeletal organization, capillary morphogenesis and VEGF expression following exposure to mechanical strain. On Matrigel surface, the cytoskeletal organization by endothelial cells in all experimental groups was completely impaired after strain and the cells remained in clusters with no cell spreading (top). On the other hand, NFs enhanced cytoskeletal organization with significant improvement in cell spreading and morphology (scale bar ϭ 10 m). In addition, the NFs restored capillary morphogenesis in all experimental groups (bottom left). VEGF expression levels by the cells cultured on NFs were significantly higher in HG and db groups (P Ͻ 0.05), while no significant differences were observed in WT group (bottom right).
proliferation and migration in other cell types under diabetic conditions (13, 16, 65) . Overall, these results suggest that a combined effect of diabetes and altered mechanical environment (e.g., increased stretching) in the fibrotic tissue may further exacerbate vascular deficiency in the remodeling diabetic heart. Interestingly, previous studies by several groups ( Table 1 ) have shown that the cell substrate can play a role in endothelial cell response to strain. In these studies, both pro-and antiangiogenic responses were observed, with the results depending on the substrate type (27, 28, 38, 56 -58, 64) . Substrates such as collagen, gelatin, fibronectin, pronectin, and silicone elastomers appeared to stimulate angiogenic responses, resulting in increased levels of VEGF, MMP-2, and enhanced proliferation and vascular network formation (28, 56, 62, 64) . On the other hand, substrates such as fibrin and Matrigel resulted in the inhibition of angiogenic responses with strain application, including decreased network lengths and diminished network branching (19, 38, 58) . The responses varied between two-and three-dimensional cultures (19, 58, 64) . Overall, these studies suggest that, at least for nondiabetic endothelial cells, substrate may mediate strain-induced alterations in angiogenic cell responses. Therefore, in our studies, diabetic and normal cell responses were quantified for two substrates, Matrigel and the proangiogenic nanofiber hydrogel. We have previously shown that these nanofibers support cellular function in multiple cardiac cell types including cardiomyocytes, endothelial cells, and fibroblasts (26, 42) , and that their proangiogenic mechanism of action involves sustained angiogenic activation of endothelial cells through ␣ v ␤ 3 -integrins (10) . The results of the present study demonstrate that the stimulating effect of the nanofiber microenvironment on endothelial angiogenic and biomechanical responses is present under both normal and diabetic conditions. In the latter case, the application of the nanofiber microenvironment results in the augmentation of the diabetes-associated deficiencies in cardiac endothelial cell responses. Our experiments with eNOS inhibitor L-NAME further suggest that the positive effect of the nanofiber microen- Fig. 7 . Effect of NFs on cell proliferation and apoptosis. Cell proliferation and apoptosis are measured using Ki-67 and caspase-3 staining. Cell proliferation is significantly increased in WT cells seeded on NF compared with Matrigel after strain application (P Ͻ 0.05). No differences are observed in HG and db groups (top). The percentages of apoptotic cells are significantly reduced in WT and db cells when cultured on NFs compared with Matrigel controls (bottom). Fig. 8 . Effects of different substrate (A) and strain application (B) on nitric oxide (NO) expression. A: NO expression is significantly higher on Matrigel than on NFs in WT and db groups (P Ͻ 0.05). N -nitro-L-arginine methyl ester hydrochloride (L-NAME), a potent inhibitor of NO synthesis does not play a significant role in capillary morphogenesis (bottom). B: application of strain significantly increases NO expression in LG and db groups, with a similar trend for the HG cells; in contrast, strain appears to have no effect on NO expression in the chronic HG group. vironment on capillary morphogenesis is likely to be independent from NO signaling. Overall, an important novel aspect of these findings is that diabetes-associated deficiencies in endothelial cell responses can be addressed, at least to a certain extent, by the appropriate choice of an extracellular microenvironment, suggesting hyperglycemic memory can be reversed.
In summary, the results of this study show that 1) diabetes alters cardiac endothelium angiogenic response, with differential effects of acute, chronic in vitro, and chronic in vivo exposure to high-glucose conditions, 2) endothelial cells subjected to mechanical strain may have a greatly reduced angiogenic potential, and 3) both of these deficiencies can be at least partially augmented by the proangiogenic nanofiber microenvironment. These findings may contribute to the development of novel approaches to reverse hyperglycemic memory of endothelial cells and enhance vascularization of the diabetic heart, where improved angiogenic and biomechanical endothelial responses can be the key factor to successful therapy.
